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INTRODUCTION

O
ne of the attributes for success in microbial evolution and diversity is the ability of bacteria to recognize and distinguish incoming foreign DNA from self DNA. The organisms have evolved strategies to limit constant exposure to extraneous foreign DNA elements. Mechanisms involving restriction-modification (R-M) systems directly target invading DNA elements. To begin with, this review covers the various aspects of R-M systems that target invading DNA elements and counterstrategies employed by the invading genomes to evade restriction. From analyses of these defense and counterdefense measures, it is apparent that the cellular defense function does not comprehensively provide an explanation for (i) the uneven distribution of R-M systems in the bacterial kingdom, (ii) the high level of specificity in sequence recognition, and (iii) the independent evolution of restriction endonucleases (REases) with respect to methyltransferases (MTases). The present review deals with new developments that provide insights into the roles of R-M systems in other aspects of cellular function. The review is not intended to cover the vast literature on structure-function studies, modes of recognition, catalytic motifs, or mechanisms of catalysis by these enzymes. Instead, the major emphasis is to under-stand the reasons for their diversity and to discuss additional biological roles.
Background
Restriction-modification (R-M) systems are important components of prokaryotic defense mechanisms against invading genomes. They occur in a wide variety of unicellular organisms, including eubacteria and archaea (1, 2) , and comprise two contrasting enzymatic activities: a restriction endonuclease (REase) and a methyltransferase (MTase). The REase recognizes and cleaves foreign DNA sequences at specific sites, while MTase activity ensures discrimination between self and nonself DNA, by transferring methyl groups to the same specific DNA sequence within the host's genome (Fig. 1) . Functionally, REases cleave endonucleolytically at phosphodiester bonds, generating 5= or 3= overhangs or blunt ends. MTases transfer the methyl group from S-adenosyl methionine to the C-5 carbon or the N 4 amino group of cytosine or to the N 6 amino group of adenine (3). R-M systems are classified mainly into four different types based on their subunit composition, sequence recognition, cleavage position, cofactor requirements, and substrate specificity (4) . Type I enzymes consist of a hetero-oligomeric protein complex encompassing both restriction and modification activities. These enzymes bind to a bipartite DNA sequence and cleave from ϳ100 bp to tens of thousands of base pairs away from the target (5) . Typical examples are EcoKI and EcoR124I (5, 6) . In contrast, most type II systems contain separate REase and MTase enzymes. Generally, type II REases are homodimeric or homotetrameric and cleave DNA within or near their target site. These enzymes are highly diverse and are known to utilize at least five types of folds: PD-(D/E)XK, PLD, HNH, GIY-YIG, and halfpipe, e.g., R.EcoRI, R.BfiI, R.KpnI, R.Eco29kI, and R.PabI enzymes, respectively (2, (7) (8) (9) (10) . Type II enzymes are the most widely studied and are also extensively utilized nucleases in genetic engineering. Type III enzymes are heterotrimers (M 2 R 1 ) (11) or heterotetramers (M 2 R 2 ) (12) containing restriction-, methylation-, and DNA-dependent NTPase activities. As a consequence, they compete within themselves for modification or restriction in the same catalytic cycle (13) . These enzymes recognize short asymmetric sequences of 5 to 6 bp, translocate along DNA, and cleave the 3= side of the target site at a distance of ϳ25 bp (1, 5) . Restriction is elicited only when two recognition sequences are in an inverse orientation with respect to each other. Typical examples are EcoP1I and EcoP15I (5, 14) . In contrast to the above-described three groups, the type IV systems cleave only DNA substrates containing methylated, hydroxymethylated, or glucosyl-hydroxymethylated bases at specific sequences (4) . For example, EcoKMcrBC, a well-studied type IV enzyme, targets A/G m C (methylated cytosine, either m 4 C or m 5 C) separated by ϳ40 to 3,000 bases (15) . The recently discovered type IV enzyme GmrSD specifically digests DNAs containing sugarmodified hydroxymethylated cytosine (16) . However, the sequence specificity of the enzyme is not well studied. In addition to the above-described four groups, a number of genomes are also known to encode MTases that are not associated with REases and are thus termed "orphan/solitary MTases." Examples of this group of enzymes are the N 6 -adenine MTases Dam and CcrM (cell cycle-regulated MTase) and the C-5-cytosine MTase Dcm (17) (18) (19) . Interestingly, unlike the vast majority of REases, which are accompanied by MTases to protect the genomic DNA from selfdigestion, some of the rare-cutting REases, viz., R.PacI and R.PmeI, seem to be solitary enzymes with no cognate MTase (http: //rebase.neb.com/rebase/rebase.html) (20) . It appears that genome protection in these organisms is dependent on the underrepresentation of the recognition sequences in the genome (20) . However, the biological significance of "solitary REases" is not known.
Prevalence and Distribution
R-M systems are an extremely diverse group of enzymes and are ubiquitous among prokaryotes. To date, nearly 4,000 enzymes are known, with about 300 different specificities (21) . The sequencing of more than 2,450 bacterial and archaeal genomes genomes. Methylated sequences are recognized as self, while recognition sequences on the incoming DNA lacking methylation are recognized as nonself and are cleaved by the restriction endonuclease (REase). The methylation status at the genomic recognition sites is maintained by the cognate methyltransferase (MTase) of the R-M system. has only reaffirmed their vast diversity in the prokaryotic kingdom (21) . In contrast to REases, MTases show highly conserved features, a surprising finding initially. The diversity and prevalence of R-M systems indicate their success in the bacterial world as a defense mechanism. To a large extent, the distribution of MTases among sequenced genomes seems to reflect the distribution of R-M systems. It has been observed that ϳ90% of the genomes contain at least one R-M system and that ϳ80% contain multiple R-M systems (http://rebase.neb.com /rebase/rebase.html). Interestingly, a positive correlation can be observed with respect to the number of R-M genes and the size of the genome (see the supplemental material). A general trend is an increase in the number of R-M systems with an increase in genome size ( Fig. 2A) . In contrast, the presence of multiple R-M systems among Helicobacter and Campylobacter species brings an anomalous increase in the 1.5-to 2-Mbp genome size class ( Fig. 2A) . A linear correlation can be observed when the above-mentioned bacterial species are omitted from the 1-to 1.49-Mbp and the 1.5-to 1.99-Mbp genome size classes (Fig. 2B) . The significance of the presence of multiple R-M systems per organism observed for many bacterial species is discussed below in this review (see "Immigration Control, Maintenance of Species Identity, and Control of Speciation"). A further anomaly was observed for certain organisms wherein the correlation of the number of R-M systems to the genome size is not apparent. For instance, genomes of Buchnera, Borrelia, Chlamydia, Chlamydophila, Coxiella, Rickettsia, and Synechococcus vary in size (ranging from 1 to 2.5 Mb), and they do not appear to encode R-M systems. Notably, some of these organisms are obligate intracellular pathogens or endosymbiotic and therefore occupy the intracellular niche of infected cells. Hence, they may seldom encounter bacteriophages, obviating the need for R-M systems. Alternatively, a low frequency of horizontal gene transfer (HGT) in such species living in closed environments could account for the observed small number or total absence of the systems (see below).
Another peculiarity is seen with respect to the occurrence of REases recognizing long or short palindromic DNA sequences. Some of the sequenced genomes belonging to the genera Bacillus, Nocardia, Pseudomonas, and Streptomyces have a larger proportion of R-M systems that recognize longer palindromic DNA sequences. Many of these genomes have a relatively large genome of Ͼ5 Mbp. As a larger genome would have more 4-bp and 6-bp recognition sites than 8-bp sites, the utilization of an R-M system that recognizes the latter sites might prevent accidental doublestranded DNA (dsDNA) breaks inflicted by REases. For example, the probable occurrence of a particular 4-bp sequence in a 5-Mbp genome would be 19,531 times, while an 8-bp recognition sequence would be represented only 76 times, assuming equal base composition and an even 4-base distribution. Continuous selection against REases recognizing smaller target sequences could have resulted in the enrichment of enzymes recognizing longer sequences in the larger genomes. The preference for enzymes recognizing longer recognition sites in larger genomes appears to be an outcome of minimizing accidental double-strand breaks on the host DNA. However, the GC contents of the organism and the recognition site also play an important role. For example, an 8-base GC-rich recognition sequence (such as GGCCGGCC) would occur with a normal frequency in a highly GC-rich genome (e.g., Frankia species [ϳ73%]). The probable occurrence of a 4-or 6-base GC-rich sequence in the same genome would be greater than that of the 8-base sequence, and thus, in such a scenario, the organism may employ other mechanisms to protect the genome from accidental double-strand breaks.
BACTERIAL DEFENSE SYSTEMS R-M Systems
Restriction was first observed in the 1950s, when phage (propagated in Escherichia coli B) was found to grow poorly on E. coli K-12 (22, 23) . Restriction is achieved by the cleavage of the phage DNA (foreign), which is unmethylated, while the genome of the host (self) remains protected due to methylation by the cognate MTase (Fig. 1) . Because of their ability to recognize self versus nonself, a property observed for the immune systems of higher organisms, R-M systems are considered to function as primitive immune systems (24, 25) . Various studies have demonstrated a 10-to 10 8 -fold protection of the host cell from phages by different R-M systems (reviewed in reference 26). Their role in curtailing the spread of phage is also evident from the fact that a number of phages have evolved to evade restriction, viz., modification (methylation, glucosylation, and other modified nucleotides) of the phage DNA (1) . These modifications of the phage genome directly affect DNA cleavage by REases and thus ensure the evasion of restriction. In turn, bacteria are known to express modificationspecific endonucleases to restrict these adapted phages, resulting in a "coevolutionary arms race" (1, 27) .
The "cellular defense" function of R-M systems does not comprehensively provide an explanation for the following. (i) It does not provide an explanation for the high specificity in sequence recognition (28) . A highly sequence-specific REase or a "rare cutter" would be less efficient in targeting an incoming DNA. Hence, it is not clear whether selection pressure on bacteria due to phages would be sufficient to maintain the high sequence specificity of the R-M systems (28) . (ii) It does not provide an explanation for the presence of multiple R-M systems per organism in many bacterial species. While the antirestriction strategies evolved by phages may lead to the generation of multiple specificities, it is unclear why only certain organisms (e.g., naturally competent bacteria) have an abundance of R-M systems. For example, Neisseria gonorrhoeae contains 16 different biochemically identified systems (29) . Moreover, some organisms, such as Helicobacter pylori, N. gonorrhoeae, Haemophilus influenzae, and Streptococcus pneumoniae, have an abundance of R-M systems (Fig. 3) . (iii) It does not provide an explanation for the poor sequence homology of REases. While MTases share considerable homology and could be identified by primary sequence analysis, REases have very low levels of sequence similarity among themselves. A faster evolution of REases, if occurring, could be one way to account the low level of similarity among themselves. Alternatively, the evolution of REases could have taken place multiple times from different catalytic/structural folds. Although there is no sufficient evidence for the independent origins of REases and cognate MTases, such a scenario, rather than a coevolutionary strategy, would explain their diversification.
Non-R-M Defense Systems
In addition to the R-M systems, other gene loci are also involved in limiting the entry of invasive DNA elements. Short stretches of direct repeats interrupted by unique sequences, termed "clustered regularly interspaced short palindromic repeats" (CRISPRs), are found in many eubacteria and archaea (30) . The nonrepetitive sequences of the CRISPR loci exhibit homology to previously encountered phage genomes (31) . These loci were proposed to serve as memory for the bacteria with respect to earlier phage encounters (32) . Recent evidence suggests that CRISPRs along with their associated genes (cas genes) are involved in adaptive immunity against phages (33) . It appears that R-M systems and CRISPRs are the strategies employed by bacteria to serve as innate and adaptive immune systems, respectively, to evade invading genomes. It would be interesting to study the functional cooperation, if any, between the CRISPR and the R-M systems.
Another cellular machine which functions similarly to REases in limiting invasive genome elements is RecBCD. RecBCD functions both in restricting foreign genomes and in host DNA repair by recombination (34) . The DNA repair function on the phage genome or the restriction function on host DNA could potentially be lethal to the host. RecBCD distinguishes the host genome from the phage DNA by means of a cis element, the Chi sequence, which is absent in phages but present at high frequencies in bacterial genomes (35) . RecBCD is a bipolar helicase with nuclease activity that hydrolyzes DNA from a double-strand end (36) . When RecBCD reaches a Chi sequence, the hydrolysis of DNA is arrested, and recombination is initiated (37) (Fig. 4) . The Chi sequences differ among bacteria and serve as a bar code (38) . The recognition of Chi sequences by the RecBCD enzyme is now understood at an atomic resolution (39) . The RecBCD enzyme degrades phage DNA after restriction breakage but repairs chromosomal DNA after restriction (40) . Alternative roles of RecBCD systems have been proposed by Kobayashi et al. (40;  reviewed in reference 41). Similar to RecBCD, the RecFOR pathway has also been shown to repair lethal double-strand breaks on the chromosomes generated by REase and degrade restricted nonself DNA (40, 42) .
In contrast to the defense systems discussed above, abortive infection of phage (termed "Abi") systems or phage exclusion mechanisms enable bacteria to resist phage multiplication through programmed cell death of the infected cell (reviewed in reference 43). The Rex system of E. coli, which contains two components, viz., RexA and RexB, is one of the most well-studied abortive infection systems to date (43, 44) . Upon phage infection, a replication complex intermediate activates RexA. Two activated molecules of RexA in turn activate RexB, an ion channel protein (43) . The activated RexB reduces the membrane potential of the cell, resulting in the death of the host and the phage. Other Abi systems of E. coli include the Lit protein and the polypeptide encoded by prr (43) .
In addition to the above-mentioned defense systems, bacteria also keep track of invasive elements by transcriptional silencing. The transcription termination factor Rho and nucleoid-associated proteins are two such factors that are implicated in the silencing of foreign genomic elements. Nucleoid-associated proteins selectively bind to xenogeneic DNA with AT contents higher than that of the genome and silence them (45, 46) . The Rho protein of E. coli was recently implicated in causing the premature transcription termination of horizontally acquired genes and prophages in the genome (47) . It appears that differences in genetic code utilization could facilitate the recognition of these genomic islands.
These two strategies, however, do not limit the acquisition of foreign DNA, but rather, they prevent the expression of any lethal genes.
Several studies indicated that the toxin-antitoxin (T-A) systems could also protect against invading genomes (reviewed in reference 48). The protection conferred by T-A systems could be through either a direct or an indirect pathway. The direct mechanism is exemplified by the toxIN system (49) . The system encodes the Abi protein, which abrogates the maturation of phage particles (49) . An indirect mechanism was proposed in the case of the prevention of plasmid establishment (50) . According to this model, a host cell harboring a chromosomally encoded antitoxin would neutralize the toxin of a plasmid-encoded T-A system and prevent plasmid addiction (50) .
Strategies against R-M Systems
An R-M system would assist bacteria in populating a new habitat containing phages (51) . However, the host barrier can be overcome by a phage which escapes restriction to become refractory to that particular REase of the host. The restriction barrier is overcome either by chance alone, with low probability, or by phages with specially evolved strategies (1, 26) . A question that is often asked is whether restriction is indeed an efficient mechanism to limit foreign DNA (52) . The basis for this question is that bacteriophages and other invasive genome elements employ a number of strategies to evade restriction by host REases (reviewed in references 24, 1, and 26). In this section, several mechanisms by which phages and other invading genomes evade restriction by REases are illustrated. Only the well-characterized antirestriction systems employed by invading genomes are described below.
(i) Many of the phages encode MTases (1, 26) . These enzymes are known to have broad specificity and can thus protect their own genome from multiple REases (1, 26) . For example, phages of Bacillus subtilis, SPR, 3T, ␦l1, and SP␤, have evolved protection mechanisms against host restriction enzymes by self-methylating their DNA at various sequences (53) . The methylation of phage genomes is caused by the acquisition of host-encoded MTases by the phages (54) .
(ii) In addition, phages have evolved a plethora of modifications as effective antirestriction strategies to evade entire groups of host defense mechanisms. Some of these modifications involve the attachment of bulky groups, e.g., hydroxymethylation (53), glycosylation (55) , and acetamidation (56, 57) . The mom gene of bacteriophage Mu encodes a protein that catalytically transfers an acetamide group to the N-6 position of adenine in the sequence context 5=-G/C-A-G/C-N-C/T-3= (58). Modification by Mom ("momification") confers resistance against a wide range of REases (59) .
(iii) A number of phages and plasmids are equipped with proteins that block restriction. A well-studied example is the OCR (overcome classical restriction) protein of T7 phages (60) . The antirestriction protein OCR is an exquisite mimic of a 24-bp Bform DNA (61, 62) . This structure of OCR prevents the type I R-M complexes from binding to DNA. Similar DNA mimics, termed Ard (alleviation of restriction of DNA) proteins, are expressed by many plasmids. To illustrate, ArdA, which is rich in Asp and Glu residues, mimics a 42-bp DNA and inhibits type I enzymes (63) . In addition, some of the phages and conjugating plasmids are known to encode antirestriction proteins, which alleviate the restriction function (26) . These antirestriction proteins are usually coinjected with the DNA in order to impede the restriction enzyme transiently (26) . ArdC is another antirestriction protein specific for type I R-M systems and is encoded by the E. coli IncW conjugative plasmid pSa. ArdC protects the incoming T strand during conjugation (64) . Similarly, P1 phage encodes the DarA and DarB (defense against restriction) proteins, which are coinjected along with the phage genome to avoid the restriction of the DNA by the host type I REases (65) . Although the mechanism of inhibition is not completely understood, it was proposed that the Dar proteins coat phage DNA and inhibit the translocation of type I enzymes (26) . Another example is a hydrolase from T3 phage that cleaves S-adenosyl methionine and acts as part of the defense of the phage against the host type I restriction systems, which are dependent on this molecule as a cofactor for DNA cleavage (66, 67) .
(iv) Continuous selection against specific recognition sites leading to a reduction in the number of sites in the phage genomes would also avoid restriction by the REases. Such a decrease in the palindromic sequences recognized by REases is usually observed for a number of phages (68) (69) (70) (71) . For example, the restriction sites CCGG, CGCG, and GGCC are underrepresented in B. subtilis phage PZA compared with other lytic dsDNA phages (68) . An examination of the phage PZA genome indicated the presence of many 1-nucleotide variants of the recognition sequences (68) . If one were to consider the prevalence of such single-nucleotide variants in different phages, the mechanism could be one of the oldest outcomes of selection observed in the invading genomes.
(v) The typical length of the recognition site of a REase varies from 4 to 8 bp. Because of their smaller size, phage genomes have a lower frequency of palindromic sequences of Ն8 bp (28) . Thus, the frequency of restriction of a phage is lower for a REase recognizing 8 bp than for a REase recognizing 4 bp. Furthermore, R-M systems that require two copies of the recognition sites (type IIE, type IIF, and many type IIS sites) have a much lower probability of restricting incoming phage genomes (72) . R.EcoRII, a type IIE REase, needs an interaction with two or three recognition sites for efficient DNA cleavage (73, 74) . T7 phage evades restriction by R.EcoRII due to an underrepresentation of EcoRII sites (75) .
(vi) A unique antirestriction mechanism is employed by T7 phage, by exploiting the cleavage mechanism of type III enzymes. EcoP1I, a well-characterized type III enzyme, requires two copies of its asymmetric recognition sites to be oriented in a head-tohead manner for successful cleavage (76) . T7 phage exhibits strand bias; i.e., all the EcoP1I sites in T7 DNA are in the same orientation rather than in the head-to-head formation, which is required for cleavage (1, 77) . As a result, EcoP1I does not efficiently cleave the phage DNA. Thus, this example serves to illustrate the evolution of a phage genome to avoid the recognition sites of the host enzyme.
Interestingly, the above-mentioned observation also led to the understanding of single-stranded asymmetric host methylation by type III MTases (76) . The hemimethylation of asymmetric sequences would give rise to unmodified sites after replication. In type IIS R-M systems, this problem is usually overcome by utilizing two MTases, each recognizing either the top or the bottom strand of the DNA. For example, R.MboII recognizes the asymmetric sequence 5=-GAAGA-3=/3=-CTTCT-5=. M1.MboII modifies the last adenine of the top-strand recognition sequence, and M2.MboII transfers the methyl group to the internal cytosine in the bottom strand (4, 78) . In contrast, type III R-M systems utilize only one MTase to discriminate self from nonself (e.g., hemimethylation of the internal adenine in the sequence 5=-AGACC-3= by M.EcoP1I) (14) . The cognate REase requires the recognition sites on both the strands of the genome to be oriented convergently; i.e., the orientation of the two enzyme molecules in a headto-head manner is required for efficient cleavage, and hemimethylation would inhibit enzyme binding on the methylated strand. The postreplicatively generated unmodified sites in the daughter strands would be in one orientation. Since these substrates are poorly cleaved by the type III REases, a single MTase could be sufficient to protect the genome (see Fig. S2 in the supplemental material). Further genome analyses are required to corroborate these findings.
(vii) Barring a few exceptions, most REases require dsDNA for recognition and cleavage (http://rebase.neb.com/rebase/rebase .html). Phages that harbor single-stranded DNA (ssDNA) genomes are thus resistant to cleavage by REases (79) . However, the double-stranded replicative forms of these ssDNA viruses were found to be sensitive to restriction in vitro (80) . It is conceivable that mechanisms that exist to protect the genomic DNA may help alleviate restriction. Hence, the ssDNA genomes would offer greater protection against REases and facilitate their propagation in the bacterial host.
(viii) Phages appear to have evolved mechanisms to utilize the rod-shape morphology of Gram-negative bacteria. A recent study showed that a number of temperate and virulent phages, viz., T4, T7, , KVP40, P1, and A1122, localize to bacterial poles (81) . However, contrary to those studies, in a very old report, T6 phage was found to be present all over the cell surface (82) . It is known that DNA uptake in bacteria that exhibit natural competence usually occurs at the poles (83) . If the uptake of DNA at the poles is to escape from the host restriction machinery targeting the incoming DNA, then, by injecting the DNA at or near the poles, the phages may evade the host REases. However, the differential intracellular distribution of REases has not been explored, and hence, the strategies that are developed by bacteria against the phages that invade at poles are areas that need further investigation.
Fitness Cost Incurred by R-M Systems on Host Bacteria
It is evident that the above-mentioned diverse strategies employed by the invading genomes ensure the evasion of restriction and thus increase their survival. Moreover, the maintenance of an active defense system in bacteria could incur a fitness cost to the organism. The following points describe some of the possible ways by which an active REase escalates the cost/benefit ratio for the bacteria.
(i) It has been observed that bacteria containing an R-M system have a decreased restriction site frequency in the genome for that particular recognition sequence, a phenomenon called restriction site avoidance (84) . This strategy is employed by phages to evade restriction (see "Strategies against R-M Systems"). This strategy also protects host bacteria from attack by its own REase. Interestingly, palindrome avoidance is observed to a greater extent in bacteria than in phages (84) . Palindrome/restriction site avoidance by mutations, however, may affect other cellular functions. For example, missense mutations arising due to palindrome avoidance could affect an essential cellular function and lower the fitness of bacteria. However, bacterial fitness measurements with predefined genomic palindrome avoidance have not been explored and await further experimental studies.
(ii) Studies have shown the extensive hydrolysis of ATP by the type I enzyme EcoR124I prior to the restriction of the foreign DNA to facilitate translocation (85) . The enzyme progresses in small steps of 1 bp along the DNA, with 1 ATP unit consumed per step (85) . This is clearly an extravagant way of spending energy if it occurs in vivo. Since cleavage often occurs at a site distant from the initial recognition sequence, the defense mechanism is energetically inefficient. To circumvent this burden, the organism appears to control the intracellular enzyme concentration. As shown for E. coli, efficient phage restriction occurs by using about 60 molecules of EcoKI, which would consume ϳ0.2% of the total ATP pool (86, 87) .
ADDITIONAL FUNCTIONS OF R-M SYSTEMS Selfish Genes
Generally, as described above, the gene for a given REase is linked to the gene of its cognate MTase, and together, they form an R-M complex. Despite their function in cellular defense, these gene complexes tend to propagate as selfish elements to promote their own survival and increase their relative frequency (28, 41, 88) . For example, the failure to segregate R-M-encoding plasmids equally during cell division results in cell death for the progeny lacking these plasmids (28, 89) . Intact copies of the gene complex survive in other cells of the clone. Therefore, the bacteria become dependent on the resident R-M system and are thus addicted (Fig. 5) . The basis for this behavior is postsegregational killing, wherein a cell cannot afford to lose an established R-M system (28) . When the resident R-M gene complex is cured from the genome, the intracellular MTase and REase concentrations would be diluted with every cell division. The dilution of similar numbers of REase and MTase molecules causes cell death because a single unmethylated site is enough to cause a DNA double-strand break by a REase, while all of the recognition sites should be methylated to protect the genome from cleavage. This would require many more molecules of MTase than REase. Indeed, in the EcoRI R-M system, the REase and MTase exhibit similar half-lives, but when genes encoding the R-M system are lost from the cell, REase-mediated cell death is observed (90) .
Kobayashi has reviewed in detail the behavior of R-M systems as selfish gene loci and the effect of their mobility on the genomes (41, 88) (95), and SsoII (93) . The selfish gene model explains the phenomenon that type II R-M systems could not be lost due to random fluctuations in plasmid segregation. Host cell killing was also shown with the type IV enzyme McrBC by the introduction of a DNA methylation gene (96) . Although such selfish behavior appears to be a widespread phenomenon with type II R-M systems, it is not common in type I or III enzymes (97) . In the latter systems, the MTase and the REase are subunits of the same protein complex, and the intracellular ratios of MTase to REase do not change over time upon the loss of the R-M locus, a prerequisite for function as an addiction module. Studies of EcoKI, one of the earliest-characterized type I enzymes, revealed that the enzyme does not behave as a selfish element (97) . Similarly, EcoR124I, another well-studied type IC enzyme encoded on a large plasmid, does not seem to exhibit postsegregational killing (98) . The importance of the selfish gene behavior of R-M systems in maintaining the methylation status of the genome is discussed below (see "Enforcing Methylation on the Genome").
There are many characteristics of type II R-M systems that are similar to T-A systems: (i) both systems encode a stable toxin and a labile antitoxin, (ii) both systems are associated with mobile elements, and (iii) the genetic loci exhibit selfish behavior (88, 99, 100) . The mobility of these genetic elements appears to allow the R-M systems to invade new genomes, thus contributing to their propagation. Moreover, Kobayashi's group showed that postsegregational killing favors the spread of genetic elements in the presence of a spatial structure (101) . In the case of T-A addiction modules, bacteria appear to counteract the addiction of plasmids by neutralizing the toxin (see "Non-R-M Defense Systems" above). Although mechanisms that counter the addiction of type II R-M systems have been proposed (41) , further experimental studies are awaited.
Stabilization of Genomic Islands
R-M systems prevent the loss of the episome by postsegregational killing, because daughter cells that do not acquire the plasmid undergo cell death due to the induction of dsDNA breaks by the stable REase. Similarly, it was observed that an R-M gene complex residing on a bacterial chromosome cannot be replaced easily by a homologous sequence of DNA (102, 103) , indicating that they are difficult to eliminate. Furthermore, it was observed that R-M systems are often linked to mobile elements or acquired through HGT (99) . This raises a question regarding the fitness advantage conferred by these systems to the host bacteria. It is conceivable that in addition to their function in cellular defense, genomic R-M systems may also play a role in stabilizing the host chromosome, similar to their role in plasmid stabilization; i.e., genomic islands acquired by the bacterium through HGT are not lost. A similar role in the stabilization of genomic islands was proposed for T-A systems. It was observed that chromosomally encoded T-A systems stabilized neighboring regions of the genome (104) . It is rather enigmatic that some genomes have an abundance of R-M components. Perhaps, the importance of having multiple R-M systems can be partly explained by their role in the stabilization of genomic islands.
Role in Nutrition
The chlorella viruses, which infect algae, harbor R-M systems (105) . These viruses encode a number of DNA MTases and sitespecific endonucleases. The biological function of the chlorella virus-encoded REases is unknown, but they are hypothesized to play a role in host chromosome degradation and/or the prevention of virus superinfection (106) . It was observed that the in vivo degradation of host nuclear DNA coincides with the appearance of site-specific endonuclease activity (107) . In contrast, MTase activity is manifested at 60 to 90 min postinfection, correlating with viral DNA replication (107) . Hence, while endonucleases help in degrading host DNA and providing deoxyribonucleotides for incorporation into viral DNA, the methylation of newly replicated viral DNA by the cognate MTases would protect the genome from self-digestion. Recently, a giant "Marseille" virus that infects amoeba was isolated, and its genome was found to encode 10 gene loci belonging to HNH endonucleases and REase-like enzymes (108) . It is possible that some of these nucleases may function in the reallocation of host resources to the virus.
Immigration Control, Maintenance of Species Identity, and Control of Speciation
Species are defined as groups of organisms that can interbreed to generate offspring. In higher organisms, species are maintained by reproductive and/or geographical isolation. In the case of prokaryotes, however, the horizontal transfer as well as the vertical transfer of DNA are rampant. Thus, in bacteria, species are maintained by genetic isolation. REases, by the restriction of foreign DNA (that possesses nonnative methylation patterns), function in immigration control (52) . Such a barrier would also serve the function of the maintenance of species in bacteria (52) . In support of this, many E. coli and Salmonella enterica serovar Typhimurium strains harbor specific genomic loci rich in R-M systems, termed "immigration control regions" (109) . Accordingly, R-M systems facilitate genetic isolation, which is required for the acquisition of new biological properties. Genetic isolation is provided by controlling the uptake of DNA from the environment. The methylation pattern provides a specific identity to that particular strain distinct from those of other closely related species and thus distinguishes self from nonself. According to this model, the presence of different recognition specificities in various strains of the same species further divides the species into different variant strains of bacteria, termed "biotypes." These variant strains would not exchange genetic material among each other due to differences in methylation patterns. With a sufficient accumulation of genetic variation, biotypes might evolve into different species (Fig. 6) . HGT of genetic material represents a substantial source of novel genetic information in prokaryotes (110, 111) . Notably, the uptake of foreign genes along with their establishment and maintenance are often biased toward the acquisition of traits that contribute directly to the fitness of the bacteria, such as virulence or resistance to toxins (112, 113) . The horizontal transfer of DNA occurs in prokaryotes via transduction, transformation, or conjugation. Staphylococcus aureus is a major pathogen that relies on HGT for the modulation of virulence. In this species, the specificities of the type I enzymes among the strains vary (due to differences in the HsdS subunit), and this impedes the transfer of mobile genetic elements among different strains (114) . Thus, type I gene complexes appear to function in controlling the evolution of S. aureus strains. Recent studies of type III-like enzymes also revealed the role of these REases as a major barrier to HGT in clinical strains of methicillin-resistant S. aureus (115) . Strains deficient in these enzymes were hypersusceptible to the horizontal acquisition of DNA from other species, such as E. coli, and could easily acquire a vancomycin resistance gene from enterococci (115) . Subsequent studies, however, indicated that the type III-like enzyme is actually a type IV REase recognizing 5-methylcytosine/5-hydroxymethyl cytosine-modified DNA (116) . Additionally, a whole-genome sequencing analysis of 20 Neisseria meningitidis strains revealed that R-M systems generate phylogenetically distinct clades, suggesting a regulation of HGT by REases (117) . An emerging picture from all these studies is that a variety of R-M systems may indeed function as immigration controllers.
An analysis of genomes for the distribution of R-M systems in organisms lacking RecBC (see the supplemental material) revealed an interesting correlation. It was observed that the mean number of R-M systems in organisms lacking RecBC is higher than the mean number of total genomes ( Fig. 7 ; see also Fig. S3 in the supplemental material). Since organisms lacking RecBC genes would have a higher frequency of HGT, it appears that in these organisms, the REases might serve to regulate genome flux in addition to their primary defense mechanism (see "Non-R-M Defense Systems" above).
Recombination and Genome Rearrangements
REases cleave foreign DNA into small fragments, which inside the host could either be further degraded by exonucleases or act as substrates for the recombination machinery. Several studies have revealed that foreign DNA restriction by REases generates products that could stimulate homologous recombination with the host genome (118-124; reviewed in references 52 and125). The stimulation of homologous recombination was proposed to have two possible cellular roles: (i) rescuing accidental R-M-mediated lethality in the host and/or (ii) providing genetic variation by enhancing recombination between similar species (125). However, it was argued that the enhancement of recombination by REases might be a by-product rather than a primary function of these systems (126) . This is illustrated by the fact that the role of R-M systems in recombination does not completely explain why they exist with so many different recognition specificities.
Restriction was also identified to play a role in nonhomologous recombination, in which a small stretch of homologous DNA sequences at one end is utilized to recombine and integrate a large foreign DNA (lacking homology) into recipient genomes (127) . EcoKI, a well-studied type I enzyme, was shown to promote this homology-facilitated illegitimate recombination (127) . In addition, there is evidence that R-M systems could bring in genome rearrangements (99, 102, (128) (129) (130) (131) (132) . Thus, by promoting homologous recombination and functioning in nonhomologous genome rearrangements, R-M systems may play a role in generating genomic diversity.
Evolution of Genomes
According to Arber, R-M systems modulate genetic variation and thus modulate the rate of evolution (118, 133) . Thus, it was proposed that defense systems constitute precious tools for natural genetic engineering (134) . Recent advances in viral and microbial genomics have greatly stimulated the interest in the origin and evolution of genomes. It has been proposed that the initial transition of RNA to DNA genomes might have occurred in phages conferring an advantage to evade primitive defense systems (135) . These genes might have been further taken up by bacteria. Similar coevolutionary arms races could explain the transition from uracil-containing DNA to thymine-containing DNA genomes (Fig. 8) (135) . Phages PBS1 and PBS2, which infect B. subtilis, contain uracil in their DNA genomes, which, in all likelihood, could be an intermediary form during the evolution into thyminecontaining DNA genomes (136) . Likewise, the modification of nucleotides in phage and bacterial genomes could be a consequence of the coevolution between them. Recent studies revealed variant type I systems that utilize DNA backbone modifications by phosphorothioation to distinguish self from nonself (137, 138) . In this host-specific restriction system, instead of methylation, the host genome is protected due to a nonbridging sulfur atom attached to the backbone phosphorus at rare but specific sites (138) . The unmodified foreign DNA is recognized as "nonself" and subjected to degradation. These observations imply a major role for R-M systems in the evolution of novel base and epigenetic modifications in host and phage genomes.
Promiscuity in Cofactor Utilization and Substrate Specificity
Analyses of diverse enzyme superfamilies have shown that many enzymes are capable of catalyzing reactions with noncanonical substrates (139, 140) . In contrast to these enzymes, REases were initially considered to be very-high-fidelity enzymes with exquisite site specificity (at least for type II systems) from the time of their discovery. However, with the identification of "star" activity in these enzymes, it became apparent that some REases had the ability to recognize and cleave noncanonical sites under experimental conditions that are not totally optimum. Hence, to a large extent, the REases continued to enjoy the status of highly sequence-specific enzymes. However, it is now becoming increas- ingly apparent that REases may not exhibit exquisite sequence specificity after all (141) . Instead, many of them may show promiscuous DNA cleavage to various degrees. The fidelity index value, which quantitatively measures the star activity of REases, identified a significant number of REases as being "star prone" (141) . Additionally, the cleavage of heteroduplex substrates containing mismatches in the target site, when tested with 14 REases, indicated that many enzymes were indeed capable of cleaving mispaired recognition sites (142) . It appears that relaxed specificity is a common phenomenon for these enzymes.
Studies of R.KpnI, a well-characterized type II REase, have provided interesting insights into the mechanism and biological role of catalytic versatility in the enzyme. The enzyme exhibits promiscuous DNA cleavage characteristics in the presence of the natural cofactor Mg 2ϩ (143, 144) . Notably, the promiscuous activity is triggered by the binding of an additional metal ion to the enzyme (144) . The catalytic promiscuity exhibited by the enzyme under in vivo conditions suggests a functional role. Studies carried out with R.KpnI revealed that retaining broad specificity in DNA cleavage characteristics provided a selective advantage to the host by better targeting foreign invading genetic elements (145) . It is possible that a relaxed specificity of REases might also serve a hithertounknown function(s) in the organism. The additional biological roles and the cellular conditions that trigger the promiscuous activity are yet to be determined.
A recent study showed that the REases R.AvaII, R.AvrII, R.BanI, R.HaeIII, R.HinfI, and R.TaqI can cleave RNA-DNA heteroduplex oligonucleotides in a site-specific manner (146) . The ability to cleave RNA-DNA hybrids could be a strategy developed by bacteria to target phage genomes that utilize uracil in place of thymine. For example, as stated above, many phages that infect Bacillus species utilize uracil in their genomes (136) . The promiscuous REases that cleave RNA-DNA hybrids could acquire additional functions to increase the fitness of the organism. Since the cleavage of both strands of the RNA-DNA hybrid by promiscuous REases releases the RNA and generates a single-strand break in the DNA, some of the molecular processes that require the cleavage of RNA-DNA duplexes may utilize this property as a backup strategy. The processes where RNA-DNA hybrid intermediates are found are (i) the release of mRNA from mRNA-DNA hybrids, (ii) the removal of R loops generated during transcription (147) , and (iii) priming reactions during phage/plasmid replication (148) .
A vast number of REases, with the exception of BfiI and PabI, show an absolute requirement for Mg 2ϩ for DNA cleavage (8, 9) . Other divalent ions with similar atomic radii are a poor replacement at the catalytic center. A closely related metal ion, Ca 2ϩ , belonging to the same group in the periodic table, indeed inhibits the catalytic activity of most enzymes when bound at the active site (95) . However, a comparison of the cofactor preferences of PD-(D/E)XK and HNH REases indicated that HNH enzymes have a greater flexibility for metal ion coordination. For example, R.KpnI, the first REase member of the HNH superfamily to be identified, exhibits broad cofactor utilization for DNA cleavage (10, 149, 150) . This utilization is also seen in nonspecific endonucleases belonging to the superfamily, e.g., colicin E7, colicin E9, and Serratia nuclease (151) (152) (153) . The broad cofactor preference of the HNH enzymes might confer a fitness advantage to the genomes that harbor them by retaining their activity with different metal ions in vivo. Alternatively, it is possible that this unique feature is preserved during the evolution of the HNH REases to serve some as-yet-unknown function(s) in the cell.
Genetic Variation by Cytosine-to-Thymine Transitions
MTases modify DNA by transferring a methyl group to either cytosine or adenine. 5-Methyl-cytosine is highly susceptible to deamination, resulting in C-to-T mutational sites (154) . For example, M.HpaII expression results in a 10 4 -fold increase in the C-to-T mutation frequency (155) . Thus, in genomes which utilize m 5 C MTases, evolution has tinkered with this pitfall in three ways, viz., palindrome avoidance, replacement with a different methylation mechanism, and acquisition of repair machinery (1). The C-to-T mutational load would progressively decrease the numbers of cytosine-containing palindromes in the genomes. In addition to palindrome avoidance, bacteria have also adapted to modulate the genetic variation caused by C-to-T transitions by utilizing different methylation positions, i.e., m 4 C rather than m 5 C. This change in the methylation pattern is more evident in thermophiles, where the frequency of deamination is severalfold higher. Thus, it was proposed that the transition from m 5 C to m 4 C was an adaptation to higher temperatures, which would also avoid to some extent the hypermutability associated with m 5 C (156). Furthermore, it was also observed that m 5 C MTases are often linked with the DNA repair locus vsp, which encodes the very short patch repair endonuclease (157, 158) . Recent studies of N. gonorrhoeae revealed that the organism codes for two different Vsr endonucleases. The enzyme V.NgoAXIII recognizes all T-to-G mismatches, and V.NgoAXIV recognizes these mismatches only in the context of specific 4-bp sequences (GTGG, CTGG, GTGC, ATGC, and CTGC) (159) . An analysis of the N. gonorrhoeae FA 1090 genome revealed the presence of eight m 5 C MTases. To add to this unusual burden, some of these MTases are known to methylate DNA at noncanonical sites, resulting in an increased number of potential mutational sites in the genome (160). Thus, it was proposed that the presence of V.NgoAXIII or V.NgoAXIV could prevent mutations arising from the increased frequency of deamination of m 5 C to thymine (due to the increased presence of m 5 C) in the genome (159) . Interestingly, C-to-T transition mutations are modulated depending on the S-adenosyl methionine levels in E. coli (161) . The small changes in alleles which arise in response to C-to-T mutations as well as the corrective measures explained above would enhance genetic variation in the population. Alleles that are advantageous essentially get fixed during evolution, allowing bacteria to adapt to new environments rapidly to increase the fitness of the host.
Functions of DNA Adenine Methyltransferases
Now, it is well established that the epigenetic modification of genomic DNA by MTases is important in defining the transcriptome. Although studies of eukaryotes provided the impetus, it is apparent that it is also a common theme in other kingdoms of life. DNA methylation, which discriminates self from nonself in prokaryotes, is brought about either by solitary MTases or by MTases associated with REases. In bacteria, of the three kinds of DNA base modifications observed, m 5 C, m 4 C, and m 6 A, adenine-specific methylation has been well studied and shown to have diverse cellular roles (17) (18) (19) 162) . Functions carried out by this class of enzymes are self-versus-nonself discrimination during the restriction of phages, the downregulation or silencing of transposition events, the regulation of conjugation, the regulation of DNA replication initiation, cell cycle control, nucleoid reorganization, DNA mismatch repair, the transcriptional regulation of housekeeping and virulence genes, and posttranscriptional gene regulation (reviewed in references 162 and163). Thus, in those genomes that possess m 6 A MTases, the organisms seem to have taken full advantage of this exocyclic methylation. Indeed, these enzymes might function in generating a genomic bar code specific for the species hosting the R-M or "orphan MTase." The CcrM MTase, encoded by a cell cycle-regulated gene of Caulobacter crescentus, fits into this category (164) . The function of Dam MTase in oriC replication, transposition and virulence gene regulation, mismatch repair, and phage P1 packaging, etc., is another classic wellillustrated example (17, 164) . Although most type II MTases are monomeric in nature, possibly due to their preference for hemimethylated substrates, a few studies suggested that some of them function as dimers (165) (166) (167) . However, the significance of dimeric MTases is unknown. Dimerization is essential for MTase function, at least in some cases (165, 167) , suggesting that the oligomeric status is optimized during evolution and hinting at an additional biological role(s) for these enzymes.
Enforcing Methylation on the Genome
Bacteria use DNA MTases as switches to systematically change their transcriptome (see "Functions of Phase-Variable R-M Systems" below). Alterations of methylation levels have been shown to cause changes in gene expression (168, 169) . Since HGT between prokaryotic genomes is common, and the DNA MTase genes are known to undergo rampant transfer among organisms (41, 170) , untimely methylation represents a possible threat to the methylation pattern of the host genomes. Recently, Ishikawa et al. dealt with this topic in detail and discussed various ways by which the epigenetic methylation of a genome is protected (171) . The underlying mechanisms in the resolution of conflicts between different methylation systems in such a scenario have been reviewed (171) . According to this model, the function of R-M systems is to impose a particular methylation pattern in the host. Cells that exhibit lower-level or altered methylation are removed from the population by cell death. The enforcement of the genome methylation status has been shown in the case of type I, II, and IV R-M systems. In the case of type I enzymes, the specific methylation status is imposed when methylation is disturbed by DNA damage and repair, wherein the REase may target an arrested replication fork (172) . Postsegregational killing is triggered by REases belonging to type II R-M systems when methylation by the cognate MTase is decreased (see "Selfish Genes"). Type IV enzymes maintain the genome methylation status by initiating cell death when an additional foreign genome encoding an MTase gene enters the cell (96) . Thus, cell death caused by type I, II, and IV systems in host bacteria exhibiting lower-level or altered methylation would ensure the maintenance of the epigenetic status in the remaining clonal population.
Functions of Phase-Variable R-M Systems
Phase variation is the heritable, interchangeable, and high-frequency on-or-off switching of transcription mediated by several mechanisms (173, 174) . Host-adapted bacterial pathogens frequently use phase variation to generate diversity in antigenic surface structures such as pili, capsules, lipopolysaccharides, and flagella (174, 175) . Pathogenic bacteria use the phase variability of gene expression to evade the host immune system. Based on sequence analysis and biochemical evidence, many type I and III enzymes of Bacteroides fragilis as well as Haemophilus, Helicobacter, Mycoplasma, and Neisseria species were found to be potentially phase variable (176) (177) (178) (179) (180) (181) . The biological significance of R-M systems that exhibit phase variability is not completely understood. However, the phenomenon appears to play a role in increasing the fitness of the bacteria under certain environmental conditions. Principal ways by which a phase-variable defense system could confer a fitness advantage to the host are as follows.
(i) REases protect the bacterial genome against phage infection and the incorporation of other selfish elements. However, in certain cases, a lysogenic phage infection could benefit the population if the phage encodes a factor that increases virulence (182) (183) (184) . For example, infection of the Gram-negative bacterium Vibrio cholerae with the lysogenic CTX phage results in its toxinogenicity, as the lysogen codes for cholera toxin (184) . Conversely, lytic infection could be beneficial when the lysed population benefits the survivors (clonal cells) by providing essential nutrients, an altruistic behavior comparable to kin selection. Phase variability in R-M systems can be utilized as a way to modulate these effects within a clonal population.
(ii) The phase variability of R-M systems could also function in the fine-tuning of the uptake of foreign DNA (185) . To illustrate, in a restriction-off phase (r Ϫ ), the uptake of nonself DNA could bring in variation. On the other hand, in a restriction-on phase (r ϩ ), REase would limit invasive xenogeneic DNA. It was proposed that the phase-variable expression of R-M systems might fine-tune these two phases in the population (179, 185) . The finetuning of foreign DNA uptake might be an important process in naturally competent bacteria, viz., B. subtilis, H. influenzae, H. pylori, N. gonorrhoeae, and S. pneumoniae. Interestingly, wholegenome sequencing revealed that these bacteria harbor abundant R-M systems (Fig. 3) . The phase-variable R-M systems in these organisms may function in the regulation of genome flux in addition to their role in defense.
(iii) Whole-genome sequencing of B. fragilis revealed that many R-M systems of bacteria undergo inversions (176) . It has been proposed that phase variation in these bacteria increases the diversity of R-M systems, generating up to eight different recognition subunits (176 (180, 181) . It was proposed that phase-variable modification systems play a role in regulating distinct set of genes, called "phase-varions" (180, 181) , a function independent of the defense role. Phase variability would generate different phenotypes and might confer a fitness advantage to the organism by controlling the phase-varion.
EVOLUTION OF MOONLIGHTING ROLES IN R-M SYSTEMS
The widespread occurrence of R-M systems among eubacteria, archaea, and certain viruses of unicellular algae (46, 97, 187, 188) may hint at their other functions in addition to cellular defense. These additional roles could be better understood by looking into the evolutionary route by which a particular R-M system acquired a new biological function. As described above, it is well established that bacteriophages employ a plethora of strategies to escape restriction by resident REases (1, 55, 64) . This raises the possibility that the restriction process alone could be an incomplete defense barrier against invading DNA. In evolution, R-M systems that exhibit additional cellular roles along with their defensive role could have been selected for and, hence, retained in the genomes. Thus, additional roles could be considered a result of distinct selective forces that could have driven the maintenance of these enzymes in bacterial genomes. This hypothesis would explain the presence of other defense systems against phages and the retention of REases by the host organism even after constant evolutionary pressure.
A new function in an R-M system could be achieved as a consequence of an evolutionary by-product. For example, a gene fusion event with one of the components of the R-M system would result in an additional function. The type II MTases EcoRII and SsoII belong to this category, as these enzymes double as transcription regulators in addition to their MTase activity (189, 190) . These MTases harbor distinct helix-turn-helix motifs (not re-quired for the MTase activity) and recognize operator sequences which are different from their respective methylation recognition sequences (189, 190) .
Bacteria employ various strategies to impede phage infection. These strategies are in turn counteracted by the phages. As a result, a constant coevolutionary process is operational between bacteria and phages. In order to counter phage invasions, R-M systems seem to evolve faster (191, 192) and, hence, are frequently exchanged between species (95, 193) . In such a scenario, genes which hinder phage infection would be selected and are fixed in the population. Novel substrate specificities are thus generated in response to phage evasion strategies. For example, the occurrence of methyl-directed REases (e.g., EcoKMcrBC [15] and GmrSD [16] ) could be a strategic adaptation against phages with modified genomes.
R-M SYSTEMS OF HELICOBACTER PYLORI
H. pylori is a Gram-negative human pathogen. It is estimated that half of the world's population harbors this pathogen and that nearly 20% of the infected population develops disease (194) . H. pylori strains exhibit natural competence and are known for their genome plasticity and diversity. The organism has attained a unique status in the bacterial kingdom because of its unusually large number of diverse R-M systems (21, 195) . Owing to this peculiar feature of H. pylori and its unique niche in the human gut, this section aims at an understanding of the biological roles of R-M systems in this organism. Emphasis is placed on new developments addressing the role of R-M systems in the regulation of genetic exchange, adaptation to hostile environments, gene regulation, and the virulence of the organism.
Comparative analyses of the genomes of H. pylori strains predicted the presence of a large number of putative R-M systems but with a high degree of heterogeneity (196, 197) . Further analyses revealed that only some of these systems retain enzyme activity (195, 198) . In some of the inactive systems, REases are truncated while retaining the functional MTase gene. The presence of a functional MTase in the absence of REase suggests that these MTases might have other biological roles. For example, the hp0050 gene encodes a solitary MTase that is highly specific in H. pylori strains PG227 and 128 but exhibits relaxed specificity in H. pylori 26695 (199) . Notably, an MTase gene (hp0050) deletion in clinical strain PG227 results in impaired growth (199) .
Coliform bacteria like E. coli colonize the gut and adapt to the environment by acquiring adaptive alleles through HGT among different species. However, for species like H. pylori, which colonize the acidic regions of the stomach, diversification through interspecies gene transfer appears to be difficult. Gene diversification in these organisms is brought about by having a hypermutator phenotype and natural competence (187, 200, 201) . These properties would impart a high level of genome plasticity and might facilitate the pathogen to adapt to new hostile environments (202) . Unlike other naturally competent organisms that acquire larger DNAs by transformation, H. pylori strains were found to incorporate DNAs of only ϳ1.3 kbp into their genomes (203) . Since H. pylori lacks some of the key DNA recombination/ repair function homologs, it was suggested that REases might play a role in limiting the recombination length (203) . The limit for the size of the DNA to be integrated perhaps indicates that REases regulate genetic exchange in H. pylori (203) . However, the unequivocal establishment of such a mechanism awaits further experimentation.
In addition to the possible role of R-M systems in the regulation of genetic exchange, recent whole-genome and transcriptome analyses of virulent strains of H. pylori have revealed new insights into the novel functions of these defense systems. For example, by genome comparisons of eight chronic atrophic gastritis strains, it was found that many R-M systems are associated with this condition (204, 205) . Some of these chronic atrophic gastritis-associated enzymes were also found to be pH regulated (205) . These genes might help the organism adapt to an acidic environment (205) . Similarly, an analysis of the H. pylori transcriptome profile in infected mice resulted in the identification of several R-M genes that contribute to the colonization of the gut (206) . These studies point toward a role for R-M systems in the adaptation of the bacteria to hostile environments.
The HpyC1I R-M system was first described by Lin et al. in a study designed to identify factors required for H. pylori cell adherence (207) . Interestingly, the knockout of the hpyC1IR gene results in an elongated-cell morphology and decreased adherence to epithelial cells (207) . Similarly, iceA1, the gene for a CATG-specific REase, is associated with H. pylori infection. While some of the H. pylori strains harbor a full-length open reading frame, the gene is truncated in other strains (208) . Interestingly, the expression of the truncated iceA1 gene was shown to be upregulated upon contact with epithelial cells (209) , suggesting a possible additional role other than the endonuclease function.
The regulation of genes involved in virulence is of crucial importance for every pathogen. While the above-described examples reveal the function of R-M systems in the adherence, colonization, and adaptation of H. pylori in the host environment, other studies have identified a role for R-M systems in the regulation of virulence gene expression (210) (211) (212) . For example, MTases of H. pylori are known to selectively alter transcript levels of some genes, e.g., the genes of the dnaK operon and catalase (210, 212) . Similarly, the target sites of an acid-adaptive MTase (HP0593) have been found to be in the promoter regions of physiologically important genes (213) . Recent studies have also shown a regulatory role for the phase-variable modH gene of a type III R-M system in H. pylori (214) . These studies suggest that the presence or absence of H. pylori MTases among different isolates might give rise to strain-specific differences in methylation patterns and alterations in gene expression. This difference in gene expression would in turn alter the extent of virulence of these bacterial strains. It is conceivable that in addition to their function in cellular defense, the regulation of genetic exchange, adaptation to host environments, and virulence, the chromosomally encoded R-M systems of H. pylori may also play a role in stabilizing genomic islands acquired by the bacterium through HGT (see "Stabilization of Genomic Islands" above).
FUTURE PERSPECTIVES
Evolutionary forces appear to act differentially on the two components of R-M systems. REases are toxic in the absence of their cognate MTases. Consequently, the endonucleases seldom deviate from their recognition specificity. In contrast, a specific MTase could evolve to possess broad specificity without altering the modification of the cognate recognition site. Indeed, it was observed that many MTase clones exhibit promiscuous activity, viz., M.HaeIII, M.EcoRI, M.EcoRV, and M.FokI (160, (215) (216) (217) .
However, contrary to those studies, recent data from single-molecule, real-time (SMRT) DNA sequencing of bacterial genomes showed that many of the MTases tested exhibited high fidelity (218) . Interestingly, that study also revealed that the E. coli Dam MTase is highly promiscuous (218) . Thus, those enzymes which have a broad specificity could have evolved to serve other roles in the cell, viz., the regulation of transcription and the modulation of DNA transaction processes. Moreover, low-level methylation at the promiscuous sites might provide protection to host genomes acquiring/evolving REases with novel substrate specificities. Studies of the in vivo methylation status at promiscuous sites could aid in an understanding of the generation of novel R-M specificities.
Several studies showed bacterial programmed cell death as a mechanism to counteract phage infection (reviewed in reference 43). However, a direct role for R-M systems in cell death mechanisms has not been reported. Recent work by Kobayashi's group provided evidence for a new function of the methyl-specific endodeoxyribonuclease McrBC (96) . In that study, McrBC of E. coli was shown to limit the invasion of exogenous methyltransferase by host cell death (96) . Interestingly, in the absence of exogenous methylation, the type IV REase Mrr enzymes of E. coli and S. Typhimurium were shown to restrict their own genomes under stress conditions (219, 220) , indicating a cellular role distinct from the classical defense function of R-M systems. It is possible that Mrr enzymes have an additional role in the stress response, a view also supported by the fact that some of the Mrr REases are cryptic and expressed only due to spontaneous activation mutations (221) . It is well established that bacteria live as communities and resemble multicellular organisms in many features. It was proposed that the programmed cell death of infected or damaged clonal cells within the community is beneficial to the population as a whole (222) . Artificially designed systems that trigger suicide by R-M components upon phage entry have been shown to function as a defense strategy against infection (223) (224) (225) . However, the natural occurrence of such R-M systems has not been explored. Phages are the most abundant microbes in the biosphere and outnumber bacteria in the environment (226) . Hence, it would be interesting to investigate the role of R-M systems in cell death mechanisms that can be triggered to limit the spread of phages.
Arber referred to R-M components as "evolution genes" which modulate the rate of evolution (118) . Studies carried out by Kobayashi's group indeed support this view, and these components have been shown to accelerate evolutionary changes in the genome (128) . The application of such a function in genomic rearrangements for a beneficial phenotype awaits further investigation.
The uptake and maintenance of extracellular DNA by means of genetic transformation are well recognized as major forces in microbial evolution. In addition, it was also proposed that natural transformation could also provide DNA as a nutrient (188, 227) . Studies of E. coli showed that mutants that are defective in such a process could be isolated (228) . In addition, it has been established that REases could function in nutrition (see "Role in Nutrition"). It would be interesting to test a similar role of REases in providing DNA as a nutrient for bacteria, especially under conditions of nutrient starvation.
From a review of the vast literature, it is evident that the function of R-M components as an innate immune mechanism does not completely explain their diversity. While these enzymes are widespread, the rationale for the presence of multiple R-M systems in a single host is also not clear. An understanding of their additional biological roles might shed light on deciphering the basis for their diversity and redundancy. Although it is apparent that components of R-M systems function in multiple cellular roles, it is not clear whether the additional functions are manifested at different times. It is possible that while some of the functions occur simultaneously, other "moonlighting" roles could be induced under certain conditions.
CONCLUDING REMARKS
It is well established that the undisputed role of R-M systems is to serve as a defense strategy against the invasion of foreign DNA. From the vast literature, it is apparent that they have successfully evolved and gained additional roles. The nonrandom distribution of R-M systems could indeed be an indicator of their additional roles in the cell. Emerging data indicate their role in recombination, nutrition, and the generation of genetic diversity, etc. In addition to safeguarding genomic integrity, it appears that in many organisms, they may regulate genomic flux, stabilize genomic islands, or maintain methylation patterns. Thus, cells seem to utilize R-M systems in various biological processes to increase their relative fitness in the population. The study of noncanonical roles for this large group of diverse enzymes would open up avenues for a better understanding of bacterial genome dynamics and evolution.
